Background: It is uncertain whether switching to frequent nocturnal hemodialysis improves cognitive function in well-dialyzed patients and how this compares to patients who receive a kidney transplant. Methods: We conducted a multicenter observational study with longitudinal follow-up of the effect on cognitive performance of switching dialysis treatment modality from conventional thrice-weekly hemodialysis to frequent nocturnal hemodialysis, a functioning renal transplant or remaining on thrice-weekly conventional hemodialysis. Neuropsychological tests of memory, attention, psychomotor processing speed, executive function and fluency as well as measures of solute clearance were performed at baseline and again after switching modality. The change in cognitive performance measured by neuropsychological tests assessing multiple cognitive domains at baseline, 4 and 12 months after switching dialysis modality were analyzed using a linear mixed model. Results: Seventy-seven patients were enrolled; 21 of these 77 patients were recruited from the randomized Frequent Hemodialysis Network (FHN) Nocturnal Trial. Of these, 18 patients started frequent nocturnal hemodialysis, 28 patients received a kidney transplant and 31 patients remained on conventional thrice-weekly hemodialysis. Forty-eight patients (62 %) returned for the 12-month follow-up. Despite a significant improvement in solute clearance, 12 months treatment with frequent nocturnal hemodialysis was not associated with substantial improvement in cognitive performance. By contrast, renal transplantation, which led to near normalization of solute clearance was associated with clinically relevant and significant improvements in verbal learning and memory with a trend towards improvements in psychomotor processing speed. Cognitive performance in patients on conventional hemodialysis remained stable with the exception of an improvement in psychomotor processing speed and a decline in verbal fluency. Conclusions: In patients on conventional thrice-weekly hemodialysis, receiving a functioning renal transplant was associated with improvement in auditory-verbal memory and psychomotor processing speed, which was not observed after 12 months of frequent nocturnal hemodialysis.
Background
Cognitive function is impaired in people with chronic kidney disease (CKD) and correlates with the degree of kidney dysfunction [1] . In patients with CKD, lower cognitive function is associated with higher rates of mortality, utilization of health care resources and a lower quality of life [2] [3] [4] . The etiology of cognitive dysfunction in patients with CKD is multifactorial including the uremic environment, fluid shifts with dialysis, anemia, medications, depression, acute illness and structural lesions in the brain associated with progressive vascular disease [4] [5] [6] . Previous studies have shown that renal replacement therapy with dialysis or transplantation is associated with improvement in cognitive function [7] [8] [9] . Patients who receive a renal transplant have been reported to achieve cognitive function close to normal controls [10] . However, patients on conventional dialysis, even in the era of high-flux dialysis, have been reported to have persistent cognitive deficits [11] [12] [13] [14] . Recent studies have suggested that much of this cognitive dysfunction is associated with vascular disease and may not be reversible with further increases in solute clearance [13, 15, 16] .
Compared to conventional thrice-weekly hemodialysis, frequent hemodialysis 6 days a week increases urea clearance, produces less fluctuation in fluid balance and improves control of blood pressure and serum phosphate, which might further improve cognitive function. A small, uncontrolled study found that conversion from conventional thrice-weekly hemodialysis to frequent nocturnal hemodialysis was associated with improvement in cognitive performance at 6 months [17] . Improvements were seen in psychomotor efficiency and processing speed as well as in attention and working memory. However, these patients were significantly younger and healthier than the typical hemodialysis patient. The effect of frequent hemodialysis on cognition was further studied in the Frequent Hemodialysis Network (FHN) Trials, which consisted of two trials: the Daily Trial that randomized patients with end stage renal disease (ESRD) to treatment with conventional in-center thrice-weekly hemodialysis versus in-center hemodialysis 6 days a week and the Nocturnal Trial which randomized patients to home or incenter thrice-weekly hemodialysis versus nocturnal hemodialysis 6 times per week [18] . Despite increased intensity of dialysis, the FHN Trials found no improvement in executive function or global cognition in either Trial [19] . However, exploratory analyses in a subset of patients who underwent more detailed cognitive testing revealed improvements in memory and verbal fluency in the Daily Trial that were not observed in the Nocturnal Trial [19] .
In contrast to frequent hemodialysis, renal transplantation restores renal function to near normal and provides a better measure of the reversibility of cognitive deficits seen in patients on conventional hemodialysis. We therefore extended the cognitive ancillary study of the FHN Nocturnal Trial to include patients who received a functioning kidney transplant and added additional patients outside of the FHN Trial who initiated nocturnal hemodialysis or remained on conventional thrice-weekly hemodialysis. The present observational study explored changes in cognitive function at 4 and 12 months compared to baseline after switching to nocturnal hemodialysis 6 days a week, receiving a functioning renal transplant or remaining on conventional thriceweekly hemodialysis.
Methods

Patient population
Patients on conventional thrice-weekly hemodialysis at one of the participating centers who were eligible to switch to frequent nocturnal home hemodialysis or were on the kidney transplant list were invited to participate. The initial 21 of 77 patients were recruited from the Frequent Hemodialysis Network (FHN) Nocturnal Trial at one of the five study sites in North America [20] . Details of the FHN Trials have been published [18] . Some details on the cognitive effects of frequent nocturnal hemodialysis for these 21 patients (9 control and 12 nocturnal) randomized in the Nocturnal Trial have previously been published [19] . One patient randomized to the nocturnal group, returned to conventional thriceweekly hemodialysis before the 4-month testing and was included "as-treated" in the conventional dialysis group in the present study. After the FHN Trial closed, patients on conventional hemodialysis at a participating site who started frequent nocturnal hemodialysis and met entry criteria for the FNH Trial continued to be recruited to participate in the non-randomized cognitive study. Subjects for the transplant arm were recruited from hemodialysis patients at the top of the transplant waiting list and expected to receive either a deceased donor or living donor kidney within the next month. Patients for the conventional arm of the cognitive study were recruited from hemodialysis patients on the renal transplant waiting list and not expected to receive a transplant within the next year. The patients recruited for the conventional hemodialysis study arm were matched as closely as possible for baseline characteristics including age, gender and race of those in the other two study arms. The trial was approved by the local Institutional Review Board (IRB) at each participating site (see Additional file 1). All participants signed an IRBapproved consent to participate in this observational study. The study adhered to the Declaration of Helsinki. The FHN Nocturnal trial was registered at Clinical Trials.gov #NCT 00271999 on 1/6/2006.
Study factor
Participants who met the inclusion and exclusion criteria for the FHN Trial [18] were randomized to home nocturnal hemodialysis for ≥6 h per night, 6 nights per week to achieve a weekly target stdKt/V ≥ 4.0/week or remained on conventional thrice-weekly hemodialysis ≥2.5 h per session with a prescribed eKt/V > 1.1 and stdKt/V ≥ 2.0 [20] . After the FHN Trial closed, additional patients who started frequent nocturnal hemodialysis or remained on conventional hemodialysis were enrolled using the same inclusion and exclusion criteria into the extended cognitive observational study and underwent the same intervention and follow-up as for the FHN Trial. Participants in the transplant group underwent kidney transplant per the standard of care in their transplant program.
Study design
Baseline data collection and cognitive testing were performed within the month prior to the planned date of the starting frequent nocturnal hemodialysis or getting a renal transplant. A second baseline study was performed Visuospatial learning and memory Tests subject's ability to learn and remember 6 geometric figures and their corresponding spatial locations from a printed display. The display is presented three times with free recall (drawing) after each presentation. After approximately 25 min, the participant is again asked to draw the display.
Letter-Number Sequencing Working memory and attention
Subject is verbally presented a list of numbers (N) and letters (L) that they must order (and verbally recite) correctly. Starts with 3 different sets of 2 N + L combos and increases to 3 sets of 8 N + L combos.
N-Back (Computer task) Working and short-term memory Subject is presented with a sequence of stimuli, and the task consists of indicating when the current stimulus matches the one from 2 steps earlier in the sequence. Lures (rather than foils) are used in some tests where the stimulus presented matches one from either 1 or 3 steps (but not 2 steps) back.
Digit Symbol Test
Psychomotor processing speed, working memory Tests subject's ability to correctly match and write down a number corresponding with a particular symbol. Score is number of items completed correctly in 90 s.
Chooser (Choice Reaction Time) (Computer task)
Psychomotor processing speed and attention Tests subject's reaction time moving finger from home button to one of two alternative signal buttons that has been lit up.
Buttons (Motor Tracking) (Computer task)
Ability to utilize advanced information (planning) to improve psychomotor processing speed and attention Tests subject's reaction time in repeatedly releasing their finger from the home button and correctly moving to one of two alternative buttons in separate columns that become lit up. Varying levels of cues are offered to determine whether subject is able to use additional information to improve performances.
Trail Making Test forms A and B
Psychomotor processing speed and executive function (problem solving, planning, organizational skills, selective attention, inhibitory control, working memory) Trails A measures time required to connect numbers scattered on a page in correct sequential order. Trails B measures time required to connect a series of numbers (1-12) and letters (A-L) in correct consecutive sequential order (1-A-2-B, etc.).
Controlled Oral Word Association Test (COWAT)
Verbal fluency, flexibility and initiation. Language Subject is given a certain letter (such as "F") and must say as many words as they can think of that start with that letter in 60 s. This is repeated 2 more times with different letters.
if there was a delay in switching modality. Follow-up cognitive testing was scheduled for 4 and 12 months after starting frequent nocturnal hemodialysis or getting a renal transplant or 4 and 12 months after the baseline study in the group that remained on conventional thrice-weekly hemodialysis. Cognitive testing was done in the morning before noon on a non-dialysis day for all patients on conventional hemodialysis. Cognitive testing for patients on nocturnal hemodialysis was done in the morning at least 2 h after completing hemodialysis. Cognitive testing for patients who received a transplant could be on any morning before noon.
Neuropsychological testing
Cognitive testing was conducted in a quiet room, free of distractions using a standardized set of procedures and scripted language by an examiner trained and supervised by a neuropsychologist who was very familiar with each test and the study protocol. The testing required about 90 min and consisted of both computer tasks as well as pencil and paper tests. A description of the neuropsychological studies performed and cognitive domains tested is shown in Table 1 . Where available, alternate test forms designed to limit practice effects were used for each follow-up visit.
Analytical approach
Standard descriptive statistics were used to compare baseline demographic and clinical characteristics between the three groups. A longitudinal linear regression model with an unstructured covariance matrix allowing for correlation between multiple visits was used to evaluate the change in each cognitive test over time. Preliminary analyses demonstrated that some cognitive tests exhibited both a significant within group change over time and a significant difference between groups on follow-up so a 'group by follow-up time' interaction term was included in the model. In addition to intervention group, follow-up time, and the 'group by follow-up time' interaction, selected baseline demographic and clinical variables were included in the adjusted model. Baseline 
Results
Participant characteristics
Seventy-seven patients were enrolled, 21 patients (9 control and 12 nocturnal) were recruited from the randomized FHN Trial and the remaining 56 patients were enrolled outside of that Trial. A total of 18 patients underwent frequent nocturnal hemodialysis, 28 patients underwent kidney transplantation and 31 patients remained on conventional thrice-weekly hemodialysis.
The baseline demographic and clinical characteristics are shown in Table 2 . For the combined group the average age was 49 years old, 38 % were female, 58 % had at least some college education, and 5 % had suffered a stroke. The mean (±SD) Beck Depression Inventory score was 11.9 ± 8.3 indicative of mild depression and the premorbid group IQ estimated by the ANART score of 25.1 ± 12.3 was slightly above the population average. At baseline, the average single pool Kt/V was 1.49 ± 0.41, the serum albumin was 4.0 ± 0.54 mg/dl and the hemoglobin was 11.7 ± 1.5 g/dL. Histamine H1 antagonist use was reported in 11.7 %, while 9.1 % reported using a sedative-hypnotic medication and 24.7 % were prescribed a narcotic. There was no statistically significant difference between the three intervention groups in any baseline parameter except the use of vitamin D analogs. Forty-eight patients (62 %) returned for the 12-month follow-up, 12 patients (67 %) in the nocturnal hemodialysis group, 13 patients (46 %) in the transplant group and 23 patients (74 %) on conventional hemodialysis. Patient flow and reasons for dropout are shown in Fig. 1 . The characteristics of the three groups at 12 months are shown in Table 3 . As expected, the weekly stdKt/V was significantly higher in the group on frequent nocturnal hemodialysis (5.56 ± 1.12) compared to those on conventional hemodialysis (2.27 ± 0.21, p < 0.001). At 12 months, the serum creatinine and phosphorus levels were significantly lower in patients on frequent nocturnal dialysis compared to conventional hemodialysis and were reduced significantly further in patients who received a kidney transplant. Patients who received a kidney transplant also had significantly higher hemoglobin levels. Otherwise there were no statistically significant differences (including sedative medications) between the three groups. 
Effect of intervention on cognition
As shown in Table 4 and Fig. 2 , treatment with frequent nocturnal hemodialysis for 12 months was associated with a borderline significant, modest improvement in the number of words recalled on trial 5 of the Auditory Verbal Learning Test (AVLT-T5, percent change between 12 months and baseline = 14.8 %, p = 0.048) and a significant but modest decline in delayed recall on the Brief Visuospatial Memory Test (BVMT-DR, percent change = −18.5 %, p = 0.018). No statistically significant differences occurred over 12 months in any of the other cognitive tests when compared to baseline.
By contrast, treatment with kidney transplantation was associated with a statistically significant improvement in the Auditory Verbal Learning Test (AVLT-T5, percent change = 20.9 %, p = 0.003), the AVLT learning score (percent change = 35.9 %, p = 0.009), the AVLT immediate recall (AVLT-IR, percent change = 31.9 %, p = 0.002), and the AVLT delayed recall (AVLT-DR, percent change = 23.3 %, p = 0.012), as well as a trend towards significance in the Digit Symbol test (percent change = 12.2 %, p = 0.054). At 12 months, transplant patients also showed a significantly higher verbal fluency (COWAT) score compared with patients on nocturnal hemodialysis (p = 0.017).
The dropout rate was higher in the transplant group than the other two groups. In order to rule out dropout bias, an exploratory analysis was performed to compare baseline demographics within the transplant group between those who returned for at least one follow-up and those transplant participants who dropped out after baseline. The ANART score and serum albumin levels were significantly lower in the group who dropped out and considered a potentially clinically significant confounder. However, adjustment for these two variables in the model did not impact our results. In addition, an analysis limited to only those patients who completed 3 study visits led to the same conclusions.
Twelve months treatment with conventional hemodialysis was associated with a statistically significant improvement in the Digit Symbol test (percent change = 13.4 %, p < 0.001) and a statistically significant decline in verbal fluency (Controlled Oral Word Association Test, COWAT; percent change = −23.8 %, p < 0.001) compared to baseline. Otherwise performance on cognitive testing in patients on conventional hemodialysis remained stable over 12 months.
Discussion
Despite significant improvement in the clearance of urea, creatinine and phosphorus, 12 months of treatment with frequent nocturnal hemodialysis did not lead to improvement in cognitive performance across a broad range of neuropsychological tests. Marginal improvement in a measure of auditory-verbal memory was observed while visuospatial memory declined. By contrast, renal transplantation, which led to near normalization of creatinine clearance, normalization of serum phosphorus and correction of anemia was associated with significant improvements in memory and learning with a trend towards improvement in psychomotor processing speed. When compared to 12 months of frequent nocturnal hemodialysis, renal transplantation was associated with a significant improvement in verbal learning and memory and in verbal fluency.
These results should be viewed in the context of whether the neurocognitive deficits seen in currently well-dialyzed patients with ESRD are reversible [21, 22] . In older studies, dialysis was shown to improve neurocognitive deficits seen in non-dialyzed patients [7] . However, recent evidence has raised concern that much of the residual cognitive dysfunction seen in contemporary well-dialyzed patients may be due to cerebrovascular disease and might not be reversible with further increases in solute clearance [21, 22] . Impairment of executive function is the most common neurocognitive deficit in contemporary dialysis patients [13] . A recent cross-sectional study found that compared with population norms, patients on hemodialysis have impaired executive function but not memory performance [14] . Defects in executive function have been linked with cerebrovascular disease and vascular dementia [23] . Imaging studies have confirmed that hemodialysis patients have more white matter lesions and cerebral atrophy than controls without CKD [24] . Using modern techniques of renal replacement therapy the relationship between dialytic clearance and cognition has been mixed. Cross-sectional studies of patients on maintenance hemodialysis have not found an association between variation in measures of uremia or dialytic clearance and cognition [13, 15] . However, the range of variation in clearance is relatively small. Cognitive performance has been reported to fluctuate temporally after hemodialysis with improvement in attention, concentration, verbal and visual memory and psychomotor speed 24 h after hemodialysis [25] . A significant decline in auditory memory and attention was reported after a weekend (67 h) without dialysis [8] . Switching from thrice weekly to short frequent daily dialysis did not improve cognitive performance in one small controlled study [16] . Alternatively, switching to frequent nocturnal hemodialysis was reported to improve psychomotor efficiency, attention and working memory in another small, uncontrolled study [17] .
As previously reported, despite improvement in solute clearance, patients randomized to frequent daily or nocturnal hemodialysis in the FHN Trials did not improve global cognition compared to patients who remained on conventional thrice-weekly hemodialysis [19] . However, exploratory analyses in a subgroup of FHN patients who underwent a battery of neuropsychological tests similar to the present study, found that 12-months of frequent daily hemodialysis was associated with a significant improvement in memory and borderline improvement in verbal fluency compared to thrice-weekly hemodialysis [19] . By contrast, detailed neuropsychological testing in 21 patients randomized in the FHN Nocturnal Trial showed no improvement after 12-months of frequent nocturnal hemodialysis compared to conventional thrice-weekly hemodialysis. Surprisingly, in the Nocturnal Trial psychomotor processing speed at 12 months was found to be worse in patients randomized to frequent nocturnal hemodialysis compared to patients remaining on thrice-weekly hemodialysis.
The present study, included the 21 patients randomized in the FHN Nocturnal Trial and added an additional cohort of 56 patients, seven of which underwent frequent nocturnal hemodialysis. The results generally confirm and extend the observations from the FHN Trial, revealing that cognitive function, tested over multiple domains, did not improve one year after switching to frequent nocturnal hemodialysis compared to remaining on conventional thrice-weekly hemodialysis. However, in contrast to the FHN Trial the present study did not find Percent change was computed as the difference between the twelve month visit and baseline visit divided by the average baseline score for the intervention group that psychomotor processing speed was worse with frequent nocturnal hemodialysis compared to conventional thrice-weekly hemodialysis. This difference may be explained by the larger sample size and the fact that one patient randomized to frequent nocturnal hemodialysis had returned to conventional thrice weekly dialysis before the 4 month cognitive testing was performed and was analyzed "as treated" in the present study. These results also do not confirm a previous report that six months of frequent nocturnal hemodialysis significantly improved psychomotor efficiency, processing speed, attention and working memory [17] . Compared to the present study, the sample size in that study was smaller and their population was significantly younger with fewer comorbidities and did not include a control group. This might suggest that cognitive function in younger, healthier patients may respond better to frequent nocturnal hemodialysis but this would need to be examined further.
In contrast to dialysis, renal transplantation provides nearly complete correction of uremia as well as restoration of renal metabolic and endocrine functions. Consistent with the results of the present study, previous studies have reported that cognitive function in adult patients on dialysis can be improved by renal transplantation [9, 10, [26] [27] [28] . Improvements in verbal memory and psychomotor processing speed have been consistently observed while improvements in executive function and attention have been variable [9, 10, [26] [27] [28] . In contrast to the cognitive deficits seen in well-dialyzed adult patients on dialysis [11] [12] [13] [14] , cognitive function in renal transplant recipients has been reported to be indistinguishable from matched normal controls [26, 29] . Taken together, these results demonstrate that some of the cognitive deficits seen in well dialyzed adult patients, particularly in memory and psychomotor processing speed can be reversed by renal transplantation. Improvement in cognition with renal transplantation could be mediated by several factors including reversal of endocrine or metabolic dysfunction, correction of anemia [30, 31] , better control of blood pressure, fluid and electrolytes. However, improvement in excretory function leading to better clearance of uremic toxins likely plays an important role in mediating the improvement in Fig. 2 Change in selected cognitive tests at 4 and 12 months after switching to frequent nocturnal hemodialysis (circles, ○) receiving a renal transplant (triangles, Δ) or remaining on conventional thriceweekly hemodialysis (squares, □). Data shows analysis after adjustment for difference in baseline characteristics as described in Additional file 2: Table S1 . Refer to Table 1 and legend to Table 4 for a description of the tests and abbreviations. Dashed lines represent statistically significant (p < 0.05) within group changes in test performance between 12 months and baseline. Vertical lines with the associated p-value represent statistically significant (p < 0.05) pairwise differences between study groups at the specified study visit cognition following renal transplantation. The observed improvement of approximately 2 words in verbal learning and memory scores for transplant patients represents a clinically meaningful 19-35 % improvement over baseline and moves these scores into the normal range for age and education.
Taken together these results suggest that there are deficits in memory and verbal fluency in patients on thriceweekly hemodialysis that can be improved by switching to frequent daily hemodialysis or receiving a renal transplant but not frequent nocturnal hemodialysis. Processing speed may also be improved by renal transplantation. In contrast, attention and executive function did not improve with frequent dialysis and has been inconsistently reported to improve following renal transplantation. While further work is needed, these results are consistent with the observation that impairment in executive function is associated with vascular disease and fixed structural lesions in the brain that are not readily reversible with increased solute clearance. The apparent lack of benefit of frequent nocturnal hemodialysis compared to frequent daily dialysis despite greater improvement in dialytic clearance was unexpected. This may be due to the small sample size of the studies. However, it is also possible that nocturnal dialysis may affect sleep patterns or otherwise adversely affect mental alertness that could counterbalance the positive effect of increased solute clearance on cognitive performance.
To our knowledge the present study is the largest study of the effect of frequent nocturnal hemodialysis on cognition. Notable additional strengths include the broad battery of neuropsychological tests employed, use of alternate test forms to minimize practice effects and the inclusion of both control groups for conventional thrice-weekly hemodialysis and renal transplantation. Nevertheless, the study was limited by patient dropout that truncated meaningful follow-up to an average of 12 months. In addition, the study population was relatively high functioning and the results may not generalize to general hemodialysis populations.
